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We study the heat relaxation in current biased metallic films in the regime of strong electron-phonon
coupling. A thermal gradient in the direction normal to the film is predicted, with a spatial temperature
profile determined by the temperature-dependent heat conduction. In the case of strong phonon scattering
the heat conduction occurs predominantly via the electronic system and the profile is parabolic. This regime
leads to the linear dependence of the noise temperature as a function of voltage bias, in spite of the fact
that all the dimensions of the film are large compared to the electron-phonon relaxation length. This is in
stark contrast to the conventional scenario of relaxation limited by the electron-phonon scattering rate. A
preliminary experimental study of a 200 nm thick NbN film indicates the relevance of our model for materials
used in superconducting nanowire single-photon detectors.
Kinetics of the energy relaxation defines a temporal
response of radiation detectors based on thin metallic
films at low temperatures [1, 2, 3, 4, 5, 6]. According
to advanced theoretical models [5, 7], the internal
efficiency of the superconducting nanowire single-
photon detectors (SNSPDs) depends critically on the
time-scales of the electron-phonon (e-ph) relaxation
𝜏e−ph and of the phonon escape in the substrate
𝜏esc. Qualitatively, the 𝜏e−ph, along with the diffusion
coefficient of electrons, determines the characteristic
size of the hot-spot mediated by the absorption of a
photon, whereas the 𝜏esc, if big enough, can limit the
eventual relaxation time of the hot-spot [8, 9, 10]. In
addition, important is the ratio of the electron and
phonon heat capacities, 𝐶e/𝐶ph, which defines the
fraction of the photon energy going into the electron
system [7, 11].
A correspondence of several microscopic time-
scales and the relaxation time, usually probed in
experiments on the amplitude modulated absorption of
the radiation [12, 13, 14, 15], is not straightforward.
The interpretation of such experiments invokes the
models of the energy balance of varying complexity.
In some cases, the inclusion of a specific relaxation
bottleneck in the model [14, 15] can explain the
relaxation times much longer than 𝜏e−ph, in spite of a
similar temperature dependence. The problem is even
more intricate since the materials suitable for SNSPDs
typically have 𝐶e/𝐶ph & 1 near the superconducting
transition temperature [7]. This, by the detailed
balance, is equivalent to 𝜏e−ph & 𝜏ph−e, where 𝜏ph−e is
the phonon re-absorption time by the electrons. The
latter inequality is, essentially, the condition of the
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strong coupling regime of the electron and phonon
systems, which manifests in local thermal equilibration
between them when 𝜏esc ≫ 𝜏ph−e. In this regime, one
would not expect the microscopic time-scales 𝜏e−ph and
𝜏ph−e to govern the relaxation process individually.
In this article we focus on the heat transport in a
current biased disordered metallic film in the regime
of strong coupling between the electrons and phonons.
We investigate the thick film limit, in which the mean-
free paths of both the electrons and phonons are
small compared to the film thickness. In this case,
the heat outflow in the substrate requires a thermal
gradient transverse to the film, with the spatial profile
determined by the temperature dependence of the
total thermal conductivity. Remarkably, in a situation
when the electron contribution to the heat conductivity
dominates, the spatial profile is parabolic and insensitive
to the parameters of the electron-phonon relaxation.
Here, we predict a non-vanishing shot noise of the
film with a Fano factor 𝐹 =
√
3/2(𝑑/𝑙), which is
determined solely by the ratio of film thickness 𝑑 and
the length of the device 𝑙. Such a universal expression
emphasizes the fact that the bottleneck for thermal
relaxation in this case is imposed by the Wiedemann-
Franz heat conduction transverse to the film, while the
electron-phonon parameters drop out. Our preliminary
measurements in a disordered 200 nm thick NbN film in
the normal state are consistent with this result.
We consider a typical experiment on the heat
relaxation in a metallic film on a substrate. The electric
current 𝐼 is biased through the film with thickness 𝑑,
length 𝑙 ≫ 𝑑, width 𝑤 ≫ 𝑑 and conductivity 𝜎 (see
Fig. 1). The current distribution is uniform across the
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FIG. 1. The sketch of the experimental configuration
under discussion. A conducting film with thickness 𝑑
is located on a substrate and heated uniformly via
Joule heat. Heat relaxation through the heat conduction
to the substrate results in a temperature gradient
transverse to the film in the direction 𝑥. The axes
demonstrate parabolic temperature profile 𝑇 (𝑥) for
the case of electron heat conduction according to
Wiedemann-Franz law being dominant in the film. The
(𝑇U) and (𝑇L) are the temperatures on the upper and
lower surfaces, respectively.
film section so that the current density 𝑗 = 𝐼/(𝑤𝑑). For
the experimentally preferred case of a film much longer
than the electron-phonon relaxation length 𝑙e−ph ≪ 𝑙,
we approximate the heat dissipation to occur entirely
through the phonon conduction to the substrate. We
also consider the case of strongly coupled electron
and phonon subsystems, which allows us to define a
single local equilibrium temperature 𝑇 . This assumption
requires the film thickness much larger than both
electron-phonon and phonon-electron relaxation lengths
𝑙e−ph, 𝑙ph−e ≪ 𝑑. As such, we neglect the in-plain 𝑇
gradient and allow the temperature to be a function
of a transverse coordinate 𝑥 (see axes on fig. 1). We
note that the temperature gradient between the upper
and lower surfaces of the film is not addressed in most
thermal relaxation studies, as it is either the electron-
phonon coupling or the phonon thermal resistance at the
interface that is considered to be the process limiting the
heat transfer [14].
The regular thermal balance equation:
− 𝜕
𝜕𝑥
(︂
𝜅
𝜕
𝜕𝑥
𝑇
)︂
= 𝜎−1𝑗2, (1)
sets the dissipation of Joule heat 𝜎−1𝑗2 via combined
electron and phonon thermal conductivity 𝜅 = 𝜅e+𝜅ph.
Obviously, the eq. (1) implies a transverse temperature
gradient with a spatial profile determined by the
functional dependence 𝜅(𝑇 ). Below we concentrate on
a special case of negligible 𝜅ph, which is plausible in
extremely disordered metallic films. Here, similar to
amorphous materials [16], we expect the 𝜅ph to cut-
off at increasing temperature owing to the Rayleigh
scattering, which gives rise to a fast decay of the mean
free path of the acoustic phonon 𝑙ph ∝ 𝜔−4 as a function
of its frequency 𝜔. The electron thermal conductivity
itself is given by the the Wiedemann-Franz law 𝜅e =
ℒ𝑇𝜎, where ℒ = 𝜋2𝑘2𝐵/3𝑒2 is the Lorenz number. This
leads to the standard parabolic solution for 𝑇 (𝑥) [17]:
𝑇 2(𝑥) = 𝑇 2L +
(︀
𝑇 2U − 𝑇 2L
)︀(︂
1− 𝑥
2
𝑑2
)︂
, (2)
where temperatures at the upper and lower surfaces of
the film are denoted as 𝑇U ≡ 𝑇 (𝑥 = 0) and 𝑇L ≡ 𝑇 (𝑥 =
𝑑), respectively. Note that here we took into account
the boundary condition of zero heat flux on the upper
surface, which is assumed to be placed in vacuum, see
Fig. 1. The substitution of solution (2) into the equation
(1) leads to the relation:
𝑇 2U − 𝑇 2L =
𝑗2𝑑2
ℒ𝜎2 . (3)
This solution satisfies the second boundary condition for
the heat flux on the lower surface, namely that the heat
flux density coincides with the Joule heat dissipated per
unit area of the film.
As a next step, we presume, that the phonon escape
into the bulk of the substrate provides an efficient path
of heat relaxation in thin (∼ 𝑙ph−e) layer near the
lower surface of the film, so that 𝑇L ≈ 𝑇bath. Hence,
considering the case of an intense heating 𝑇U ≫ 𝑇bath
we get the solution 𝑇U = 𝑗𝑑/𝜎ℒ1/2.
The linear dependence 𝑇U ∝ 𝐼 is reminiscent of
the shot noise behavior in metallic diffusive conductors
in the absence of electron-phonon relaxation [17, 18].
The same qualitative behaviour is the case for the
noise temperature 𝑇N of the whole sample. The 𝑇N is
determined by the average temperature, weighed by a
local Joule power [19], which in present case corresponds
to simple spatial averaging:
𝑇N = 𝑑
−1
∫︁
𝑇 (𝑥)𝑑𝑥 ≈
√
3
4
𝑒𝑗𝑑
𝑘B𝜎
=
√
3
4
𝑑
𝑙
𝑒𝑉
𝑘B
, (4)
where 𝑉 = 𝑙𝐼/𝑑𝑤𝜎 is the applied voltage bias.
Comparing the result (4) with the classical solution
for a metallic diffusive conductor cooled via electron
thermal conductivity through the contacts [17, 18]:
𝑇N =
√
3𝑒𝑉/2𝑘B, we observe that the strong electron-
phonon coupling leads to the drastic reduction of a
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noise temperature by a geometrical factor 2𝑙/𝑑 ≫ 1.
Remarkably, while the suppression of the shot noise in
the latter case is expected [20], the linear dependence
𝑇N ∝ 𝑉 in the limit 𝑙, 𝑑, 𝑤 ≫ 𝑙e−ph is special and
manifests the relaxation bottleneck provided by the
Wiedemann-Franz heat conduction transverse to the
film. Finally, we give a rigorous expression for the 𝑇N,
valid for arbitrary relation between the 𝑇U and 𝑇L and
obtained via integration of (2):
𝑇N =
1
2
(︃
𝑇L +
𝑇 2U√︀
𝑇 2U − 𝑇 2L
arccos
𝑇L
𝑇U
)︃
. (5)
In the following we concentrate on a preliminary
experimental study of thermal relaxation in a 𝑑 =
200 nm thick disordered NbN film. This material choice
is natural for the purpose of reaching the regime of
strong electron-phonon coupling. Much thinner NbN
films of similar quality are routinely used in SNSPDs
[11, 21] and characterized by 𝜏e−ph ∼ 𝜏ph−e ∼
10 ps near the superconducting transition temperature
around 𝑇 ≈ 10K. This very well meets the above
criterion 𝑙e−ph, 𝑙ph−e ≪ 𝑑. The situation with phonon
heat conductivity is more ambiguous [14], yet we expect
the Rayleigh scattering of the acoustic phonons to
become a limiting factor in this highly disordered
material, at least at higher temperatures used in present
experiment, such that 𝜅ph ≪ 𝜅e.
The NbN film was grown the SiO2-Si substrate at
a room temperature using a DC magnetron sputtering
system with 99.9999% pure niobium target. The
preliminary vacuum was 7 · 10−7Torr. During the
deposition, the magnetron power was fixed at 200W
and the gas mixture ratio was Ar : N2 = 40 : 7. In this
way a strongly disordered NbN film was obtained with
a room temperature resistivity of about 800𝜇Ω · cm
measured by a van der Pauw method. The NbN
film was further patterned in a bridge of a width of
𝑤 = 0.99𝜇m and a length of 𝑙 = 27.5𝜇m. Prior to
patterning, the metal Ti/Au (5 nm/200 nm) contact
pads were fabricated with a lift-off method by means
of electron-beam lithography and thermal evaporation.
Next, a 250-nm thick protective Al mask was formed
on the sample using the electron beam lithography
and the electron beam evaporation. Finally, the film
was etched in a mixture of Ar and SF6 gases and the
aluminum mask removed in a KOH solution.
The experimental setup for noise thermometry was
built in a homemade liquid 4He insert, with a tank
circuit at a resonance frequency of 40MHz at the input
of a vapor-cooled high impedance low-noise amplifier
(≈ 6 dB gain and ≈ 3 × 10−27A2/Hz input current
noise). The signal is further amplified by a chain of low-
noise amplifiers at 300K, filtered and measured via a
power detector (see Supplemental Material of [22] for
the details on shot-noise measurement technique and
Ref. [23] for a recent review).
In this experiment, the voltage bias is applied to the
NbN sample causing the Joule heating of the electron
subsystem and the subsequent current noise increase.
The noise temperature 𝑇N is obtained from the Johnson-
Nyquist relation 𝑆I = 4𝑘𝐵𝑇N/𝑅.
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FIG. 2. The experimental data for 200-nm thick NbN
sample. The sample goes to the superconducting state
at 16K, the width of the superconducting transition
is about 2K. (b) The I-V curve of the sample in the
normal state at 𝑇𝑏 = 20K. (c) The noise temperature
𝑇𝑁 as a function of voltage bias 𝑉 . The symbols
are experimental data, the dashed line is the model
result under the assumption of perfect thermal coupling
between the film and the substrate and 𝑇L = 𝑇bath. The
difference between the experiment and the model can be
improved provided an additional relaxation bottleneck
is taken into account in the form of Kapitza resistance
(see text). The corresponding dependencies of 𝑇N and
𝑇L, 𝑇U are shown, respectively, by the solid line and
two dotted lines. (d) The same data for the noise
temperature as in (c) plotted as 𝑇 2N in dependence of
the Joule power 𝑃 . The data supports the relevance
of the Wiedemann-Franz bottleneck model for thermal
relaxation (see text).
The panel Fig. 2a demonstrates the linear response
resistance of the sample plotted as a function of the
bath temperature. A superconducting transition occurs
at 𝑇C = 16K. On the panel Fig. 2b the I-V curve is
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shown for 𝑇bath = 20K well above the 𝑇C, which is
linear up to 5% in all measurement range. These data
demonstrate a conventional low-temperature transport
response of our NbN sample.
The main experimental result is presented on
the panel Fig. 2c. The symbols are experimental
measurements, while the dashed line is the noise
temperature according to the equations (3) and (5)
with the corresponding 𝑙, 𝑑 and 𝑇L = 𝑇bath. As
expected, the noise temperature is low compared to the
case of cooling via contacts (not shown), evidencing a
strong thermal relaxation. At the same time, both the
absolute value of the 𝑇N and its functional dependence
on the bias voltage 𝑉 are close to our prediction.
Fig. 2d presents the same data in the form of 𝑇 2N as
a function of the Joule power 𝑃 , which also follows
from our model. Again, we observe that the main
heat relaxation bottleneck in this experiment is close
to the one expected from the Wiedemann-Franz heat
conduction transverse to the film.
The magnitude of the 𝑇N growth with 𝑉 is stronger
in the experiment as compared to the model. We
attribute this difference to the effect of an additional
process weakly limiting the thermal relaxation in the
film or in the substrate. In the following we demonstrate
how one such possible mechanism, namely the Kapitza
resistance owing to the acoustic mismatch between the
film and the substrate, could explain the experimental
data. In this scenario, the temperature at the lower
surface of the film exceeds the bath temperature
𝑇L > 𝑇bath such that 𝑃/𝐴 = 𝐴K(𝑇 4L − 𝑇 4bath), where
𝐴 = 𝑤𝑙 is the area covered by the film and 𝐴K ∼
100 ÷ 1000Wm−2K−4 is the parameter of the acoustic
mismatch model [24]. Using the value of 120Wm−2K−4
we obtained the dependencies of the 𝑇L and 𝑇U on the
bias voltage, which, via the eq. (5), closely describe the
experimental dependence of the noise temperature 𝑇N.
In Fig. 2c these dependencies are shown, respectively,
by the lower and upper dotted lines and by the solid
line (the latter is also shown in Fig. 2d). In spite
of a substantial increase of the 𝑇L above the bath
temperature, caused by the Kapitza resistance, a strong
temperature gradient transverse to the film is the case.
Still, we would like to stress that in order to draw a
definite conclusion an independent measurement of the
substrate-mediated relaxation bottleneck is necessary,
which goes beyond the scope of this work.
In summary, we provide a model of thermal
relaxation in disordered metallic films in the regime of
strong electron-phonon coupling. We predict a sizeable
temperature gradient transverse to the current-biased
film, with a spatial profile determined by the heat
conduction of the material. In the limit of dominant
heat conduction via electrons the temperature profile
is parabolic and the noise temperature of the film
scales linearly with the bias voltage. This resembles a
universal shot noise behavior in diffusive conductors
with negligible electron-phonon coupling, yet with
the noise temperature drastically suppressed by the
geometrical factor 2𝑙/𝑑≫ 1. A preliminary experiment
in a thick strongly disordered NbN film is not far from
our model predictions.
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